To clarify the effects of freestream turbulence on cavity tones, flow and acoustic fields were directly predicted for cavity flows with various intensities of freestream turbulence. The freestream Mach number was 0.09 and the Reynolds number based on the cavity length was 4.0 × 10 4 . The depth-to-length ratio of the cavity, / , was 0.5 and 2.5, where the acoustic resonance of a depth-mode occurs for / = 2.5. The incoming boundary layer was laminar. The results for the intensity of freestream turbulence of Tu = 2.3% revealed that the reduced level of cavity tones in a cavity flow with acoustic resonance ( / = 2.5) was greater than that without acoustic resonance ( / = 0.5). To clarify the reason for this, the sound source based on Lighthill's acoustic analogy was computed, and the contributions of the intensity and spanwise coherence of the sound source to the reduction of the cavity tone were estimated. As a result, the effects of the reduction of spanwise coherence on the cavity tone were greater in the cavity flow with acoustic resonance than in that without resonance, while the effects of the intensity were comparable for both flows.
Introduction
Flows over open cavities such as the sunroofs of automobiles and landing gear configurations of airplanes often generate self-sustained oscillations and intense tonal sound. Therefore, to reduce the tonal sound from cavity is one of the most important issues for development of rapid transport vehicles such as airplanes or automobiles.
A mechanism for oscillations with fluid-acoustic interactions in compressible cavity flows was proposed by Rossiter [1] . The vortex impinging at the downstream edge of the cavity generates acoustic waves. These acoustic waves induce vortex shedding from the upstream edge of the cavity again. Sarohia [2] measured velocity fluctuations around cavities for laminar flows over shallow cavities (depth-to-length ratio of cavities / < 0.35 and freestream Mach number < 0.07). He found that instability in the shear layer of the cavities was amplified by self-sustained oscillations. East [3] measured the acoustic pressure of deep cavities in the turbulent boundary layer (1.0 < / < 8.5 and < 0.2). It was clarified that the self-sustained oscillations were amplified by coupling between instability in the shear layer and the acoustic mode in the direction of cavity depth. A cavity flow without acoustic resonance does not generate selfsustained oscillations or intense tonal sound in cavity flows at low Mach numbers in the turbulent boundary layer. Recently, direct numerical simulations were performed to investigate the three-dimensional stability of cavity flows [4] .
The control of self-sustained oscillations in cavity flows and sound generated from cavities have also been investigated. Huang and Zhang [5] used plasma actuators implemented at the leading edge ahead of cavities in a recent study on the control of cavity flows and obtained significantly reduced levels of tonal sound. The flow induced by actuators traversed in the streamwise direction makes the shear layer thickness nonuniform in the spanwise direction.
Lusk et al. [6] investigated the attenuation effects of steady normal mass injection from the upstream of the leading edge of cavities on oscillations in supersonic cavity flows. The blowing flows from multisegmented slots spanning the cavity width broke up large-scale structures in cavity flows and reduced the level of pressure fluctuations in the cavities. These results indicate that disturbance in the incoming boundary layer is important to reduce the cavity tone. The disturbances in the boundary layer are also possibly caused by freestream turbulence, freestream vortices, and acoustic waves, as reviewed by Saric et al. [7] . Brandt et al. [8] studied the effects of the integral scale of freestream turbulence on bypass transitions of the boundary layer by using direct numerical simulations. They found that transitions occurred earlier for larger-scale freestream turbulence. The condition of the incoming boundary layer affects the cavity tone, and this could cause the past measured scatter of sound pressure spectra of cavity tone particularly at a low Mach number [9] . However, the effects of freestream turbulence on cavity flows and generated sound have not yet been clarified.
Also, it has been considered to be important to clarify the structures of the sound source to understand the mechanism for reducing the cavity tone. Larsson et al. [10] directly simulated two-dimensional flows and acoustic fields and estimated the sound source based on the Curle's acoustic analogy [11] by using fluctuating surface pressure. They found that the sound source of the cavity tone was maximal at the downstream edge of the cavity. Ask and Davidson [12] discussed the cancellation of the sources at the cavity bottom and downstream wall. However, the effects of the intensity of the Lighthill's acoustic source [13] and spanwise coherence of the source on the sound have not been investigated.
The present study directly simulated flow and acoustic fields for cavity flows with various intensities of freestream turbulence. The sound source of the cavity tone based on Lighthill's acoustic analogy [13] was estimated to clarify the reduction mechanism for the cavity tone by freestream turbulence. The effects of the weakening of the intensity of the sound source and the lowering of spanwise coherence of the sound source on the cavity tone were separately investigated. Figure 1 outlines the configurations for flows around a twodimensional cavity. The origin of the coordinate system is located at the upstream edge of the cavity. The streamwise direction is the -axis, the vertical direction is the -axis, and the spanwise direction intersecting these two axes is theaxis. The cavity length, , is 20 mm. The freestream velocity, ∞ , is 30 m/s. Table 1 summarizes the computational and experimental conditions. The depth-to-length ratio of the cavity is / = 0.5 and 2.5. In addition, acoustic resonance in the direction of cavity depth occurs in the flow over the cavity with / = 2.5, as explained in Section 5.2. The freestream Mach number, ≡ ∞ / , is 0.09, where denotes the speed of sound. The Reynolds number based on the cavity length, Re ≡ ∞ /], is 4.0 × 10 4 , where ] denotes the kinetic viscosity and that based on the cavity depth, Re ≡ ∞ /], is 2.0 × 10 4 for / = 0.5 and 9.9 × 10 4 for / = 2.5. The velocity profile in the flow over the flat plate without a cavity at the streamwise position corresponding to the location of the upstream edge of the cavity with and without freestream turbulence is in good agreement with that of the laminar Blasius boundary layer. The ratio of the momentum thickness in the upstream boundary layer to the cavity length was slightly changed by freestream turbulence (turbulent intensity of Tu = 0.0-2.3%) and varied in the range of / = 0.0071-0.0074 in the computation. This was approximately the same as that in the experiment ( / = 0.0072), where the freestream turbulence is 0.6%.
Flow Configurations
The features of freestream turbulence in the present paper are described by the turbulent intensity, Tu, and the integral scale, L . The turbulent intensity, Tu, is calculated by using the rms values of the streamwise velocity fluctuations, rms / ∞ , in / = 0.2-0.5, where even the height of this lower limit is three times greater than the boundary layer thickness. The integral scale of the freestream turbulence, , is calculated by using the autocorrelation function values of the streamwise velocity, , in the same range of height. The intensity and integral scale are approximately constant in this range of height.
The computations were performed for turbulent intensity Tu = 0.0%, 0.9%, 1.5%, 1.8%, and 2.3%, where the integral scale was / = 0.095 for Tu = 0.9% and / = 0.111 for Tu = 2.3%. In addition, the ratio of the integral scale to the momentum thickness of the boundary layer, / , was 13.3 for Tu = 0.9% and 15.5 for Tu = 2.3%. The turbulent intensity, Tu, was 0.6% in the experiment, and the integral scale, / , was 0.165.
It has been confirmed that no laminar-turbulent transitions in the boundary layer occurred with this freestream turbulence in both computations and experiments. Also, the preliminary computations for the flow over the cavity with / = 0.5 for freestream turbulence of / = 0.078 and 0.137 with turbulent intensity Tu = 1.5% indicated that the effects of difference of the integral scale on the reduced cavity tone were within 2 dB.
Experimental Methods
The experiments [14] were carried out using a suction-type, low-noise wind tunnel with a rectangular test section with a cross-section of 150 mm × 75 mm, as outlined in Figure 2 . The intensity of freestream turbulence was less than 0.6% and nonuniformity of the freestream was less than ± 0.1% at the freestream velocity of 30 m/s. The background noise level was 58 dB (A) at the same velocity.
The test section was terminated in a spanwise manner by the end walls composed of acrylic plate and porous plate to visualize the flow within the cavity and suppress acoustic resonance in the spanwise direction. The velocity along the center of the cavity ( / = 0.5) was measured using a hotwire anemometer. The acoustic pressure in the far field ( / = 6.75, / = 23.5) was measured with a nondirectional 1/2 inch microphone.
Numerical Methods

Governing Equations and Finite Difference Formulations.
To clarify the fluid-acoustic interactions in the cavity flows, flow and acoustic fields were simulated simultaneously by directly solving the three-dimensional compressible NavierStokes equations in the conserved form. The spatial derivatives were evaluated using a sixth-orderaccurate compact finite difference scheme [15] (fourth-orderaccurate scheme at the boundaries). The time integration was performed by the third-order-accurate Runge-Kutta method.
In order to reduce the computational cost, large-eddy simulations (LES) were performed in the present study. A tenth-order-accurate spatial filter dissipated the energy that should be transferred to subgrid scale vortices. This filter also removed numerical instabilities due to the compact finite difference scheme [16] . The details on these computational methods have been presented in Yokoyama and Kato [17] . Figure 3 shows the computational grid for the flow over the cavity with / = 2.5. The spanwise length of the computational domain is W/L = 1.0 and the spanwise grid resolution is Δ / = 0.0125. It has been preliminarily confirmed that the computational results with / = 1.0 approximately agree with those with a wider computational domain ( / = 2.0). The computational grid for the flow over the cavity with / = 0.5 was the same as that for the range of / ≥ −0.5 for the flow over the cavity with / = 2.5. The total grid points are 18 million. Figure 4 outlines the computational domain that is divided into vortical, acoustic, and buffer regions. The vortical region is from the upstream edge to the downstream edge of Figure 4 is the acoustic region. The acoustic region has an extent that is three and two times larger than the acoustic wavelength of the fundamental frequency of the cavity tone with / = 0.5 and 2.5, respectively. More than 10 points are used per acoustic wavelength that is two and four times greater than the fundamental frequency of the cavity tone with / = 0.5 and 2.5, respectively, in the grid resolutions in the acoustic region.
Computational Grids.
In the buffer region, the grid is sufficiently stretched to dissipate acoustic and voritcal disturbances near the artificial nonreflecting boundary conditions.
As discussed in Section 5, the comparison of the predicted flow and sound with those measured clarifies that it is possible to capture acoustic waves radiating from the cavity flow by using this computational grid and these numerical methods. Figure 4 also shows the boundary conditions. Nonreflecting boundaries [18] [19] [20] are used at the inflow and outflow boundaries. On the lower boundary in the upstream of the cavity, the boundary condition is changed from a slip wall to a nonslip and adiabatic wall. The position of this change was determined in order to set the boundary layer thickness to be that measured. Periodic boundary conditions are used in the spanwise direction.
Boundary Conditions.
A uniform steady flow is asymptotically imposed in the inflow buffer region ( / ≤ −12.5) for the cavity flow without freestream turbulence (Tu = 0.0%). In the case with freestream turbulence, a homogeneous turbulence field is imposed on the uniform steady flow in the inflow buffer region.
This homogeneous turbulence field was separately predicted as box turbulence, where the computation starts from initial flow fields based on the von Karman spectrum [21] . These methods were described in detail in the previous paper [17] . The turbulent intensity and scale were controlled by using the parameters of the von Karman spectrum. 
Prediction of Acoustic Far Fields. The porous Ffowcs
Williams and Hawkings (FW-H) method [22] [23] [24] computational resources and time. The FW-H formula can be written as
where r = x 2 −x 1 , = |r|,r = r/ , andn represent the outward unit normal vector of surface . The subscript "ret" denotes consideration of retarded time = − / . The pressure, , was sampled at the semicylindrical surface of the radius, = 2.5L, from the center of the cavity ( / = 0.5 and = 0), as outlined in Figure 6 . The spanwise computational domain, = , was smaller than that of the experiment, = 7.5 , to reduce computational resources. To take the effects of this difference into consideration, the sound pressure levels, SPL(f), were estimated by using the equivalent coherent length, L (f), following (2) [25] [26] [27] :
+ 10 log 10 ( ( ) )
where SPL ( ) is the sound pressure level predicted with the above porous FW-H method and the second and third terms on the right hand side are the correction terms. This length was determined by the coherence function values of the vertical velocity along the center of the cavity ( / = 0.5, = 0) in the spanwise direction, 2 ( , Δ ) = 1/3.
The coherence function was computed by the same way as that in the reference by Van Der Velden et al. [28] as indicated in (3):
where Φ 11 and Φ 22 denote autopower spectra and Φ 12 denote the cross-power spectrum between two points along a given dimensional line Δ = 2 − 1 . The equivalent coherent length, ( ), also has been confirmed to approximately agree with the distance for the phase difference in Lighthill's stress tensor at the same position of = /4 (45 degrees).
When the coherence is larger than 1/3 in the entire computational region, the equivalent coherent length was computed by linear extrapolation using the values in the range of Δ / = 0.25-0.5, where the gradient of the coherence is approximately constant.
Validation of Computational Accuracy
Flow Field.
The predicted flow and acoustic fields for the cavity flow without freestream turbulence (Tu = 0.0%) were compared with those measured because the measured turbulent intensity in the boundary layer was negligibly small. Figure 7 shows the predicted and measured profiles of mean velocity and turbulent intensity at the center of the cavity ( / = 0.5) for the cavity flow with / = 0.5, where the contributions of vertical velocity V to the velocity measured by a hot-wire anemometer were considered as ℎ = ( 2 + (0.5V) 2 ) 0.5 in the same way as our previous research [27] . It should be noted that the markers in Figure 7 in the predicted results represent only data to sample in the computational duration time, where the grid resolutions are finer. It is clarified that the predicted results agree well with those measured. Figure 8 shows the predicted and measured power spectra of the velocity, ℎ / ∞ , at the center of the cavity and the height for the maximal turbulent intensity ( / = 0.5 and / = 0.02) for the cavity flow with / = 0.5. The frequency resolution of all spectral analyses is ΔSt ≡ Δ / 0 = 0.104. The predicted spectrum was averaged 20 times, where the samples were overlapped by 50% and the duration time of the samples for spectral analysis was 100L/ 0 . Also, the experimental spectrum was averaged 9400 times with respect to time.
As shown in Figure 8 , there is the main peak of St = 1.56 (fundamental frequency) in both predicted and measured results, where the cavity tone radiates at this frequency. Moreover, the predicted power at the fundamental frequency is in good agreement with that measured.
To clarify the effects of the width of the computational domain, , on the predicted flow fields, the coherence of the normal velocity at / = 0.5, y = 0 was computed for the flow fields predicted with different domains of / = 1.0 and 2.0. Figure 9 shows the predicted coherence at the fundamental frequency. It is presented that the distributions of the coherence predicted with the original width are in good agreement with those with the double width. This means averaging number of 20 as that of simulation vary around the measured value with the long averaging number of 9400.
The predicted spectra in both cavity flows with / = 0.5 and 2.5 are in good agreement with those measured. Also, the fundamental frequency for the cavity flow with / = 2.5 and St f = 0.94 is corresponding to the Rossiter mode of = 2 [1] , which is the streamwise number of vortices in the shear layer, while that for / = 0.5 and St f = 1.56 is corresponding to = 3. The present peak also agrees with the resonant frequency of one-quarter wavelength mode in the direction of cavity depth, St res = 0.84 and 0.98, which are estimated by using the semiempirical formula by East [3] and by general open correction of a circular closed pipe of 8(D/2)/3 [29] . The slight difference with the resonant frequency estimated by East [3] is possibly due to the conditions of the incoming boundary layer, where the cavity was placed in a turbulent boundary layer in the experiments by East.
To confirm the occurrence of the acoustic resonance in the cavity flow with / = 2.5, the phase of the pressure fluctuations in the cavity was investigated. Figure 11 shows the phase differences in the pressure fluctuations, ≡ /0.5 ∞ ∞ 2 , at the fundamental frequency vertically along / = 0.5. The reference point for these phase differences is at the bottom of the cavity ( / = −2.5). The phase of pressure fluctuations in the cavity is constant in the cavity ( / < −0.1); that is, the standing waves due to acoustic resonance are generated in the cavity. These results indicate that acoustic resonance can be captured in the present computation.
To clarify the dependency of the predicted results on computational grid, the computations with two different meshes were also performed for cavity flow of / = 0.5 without freestream turbulence (Tu = 0.0%). One mesh consists of finer mesh of double grid points in the normal direction in the cavity, where the normal stretch of grid resolution is lower than that of original mesh. The other one is twice as wide as the present mesh as mentioned in Section 5.1. Figure 12 shows the predicted sound pressure spectra with these meshes. As shown in this figure, the tonal sound is predicted at the same fundamental frequency of St f = 1.56 and the difference of level is within 5 dB. Therefore, it has been concluded that the dependency of the predicted results on the mesh is small.
It has been concluded along with the discussions of flow field in Section 5.1 that the present computations could adequately capture the flow and acoustic fields. Figure 13 shows the predicted mean velocity and turbulent intensity at the center of the cavity ( / = 0.5) for the cavity flow with / = 0.5 with and without freestream turbulence. As shown in Figure 13 (a), it is clarified that the shear layer is thickening with freestream turbulence.
Results and Discussion
Shear Layer in Cavity Flow.
The momentum thickness at / = 0.5 was computed as
where min / and max / were set to be −0.2 and 0.2. This range is the same as that in reference [30] . The momentum thickness was clarified to become thicker from / = 0.019 (Tu = 0.0%) to 0.027 (Tu = 2.3%) by the freestream turbulence. Figure 13 (b) also shows that the turbulent intensity becomes more intense by the freestream turbulence. Figure 14 shows the predicted profiles for the cavity flow with / = 2.5. As shown in this figure, the shear layer becomes thicker, where the momentum thickness was changed from /L = 0.041 (Tu = 0.0%) to 0.049 (Tu = 2.3%) by the freestream turbulence. Figure 14 shows that the peak of the turbulent intensity becomes slightly weaker by the freestream turbulence. This is because the velocity fluctuations at the fundamental frequency become weaker. The effects of the freestream turbulence on velocity spectra are discussed in the next section. Also, as shown in Figure 14 , the region for intense turbulent intensity is spread in the normal direction by the freestream turbulence of Tu = 2.3%. As a result, the mixing in the shear layer is enhanced and the shear layer becomes thicker. Figure 15 shows instantaneous flow fields around the cavity for Tu = 0.0% and 2.3% for the cavity flow without acoustic resonance ( / = 0.5). Figure 16 shows those for the cavity flow with acoustic resonance ( / = 2.5).
Vortical Structures.
Large-scale vortices are found for the cavity flow without freestream turbulence (Tu = 0.0%) for both cavity flows with and without acoustic resonance. These vortices are shed from the upstream edge of the cavity at the fundamental frequency and contribute to the periodic acoustic radiation from the cavity.
The large-scale vortical structures, which are coherent in the spanwise direction, are dominant for Tu = 0.0% particularly in the cavity flow with acoustic resonance. Also, streamwise rib structures and fine scale eddies in the shear layer can be observed for Tu = 0.0% for the cavity flow without acoustic resonance. As the turbulent intensity is increased, the fine scale vortices become active regardless of acoustic resonance.
Figures 17(a) and 17(b) show the power spectra of the vertical velocity, V/ ∞ , at the center of the cavity ( / = 0.5 and = 0), where large-scale vortices are observed without freestream turbulence, for the cavity flow without acoustic resonance and that with acoustic resonance, respectively.
The power spectra for freestream turbulence Tu = 0.9% are almost the same as that for the cavity flow without freestream turbulence (Tu = 0.0%) in both cases with and without acoustic resonance. The level of velocity fluctuations at the fundamental frequency becomes significantly lower for Tu = 2.3%. This level corresponds to the power of velocity fluctuations due to the large-scale vortical structures, which became the sound source of the cavity tone.
These spectra are also compared with the curve for −5/3 power. All the slopes of the power spectra of velocity fluctuations with and without freestream turbulence in the range of St = 1-5 are along the curve of −5/3 power for the cavity flow without acoustic resonance. Also, the level in that range is approximately independent of freestream turbulence.
As shown in Figure 17 (b), for the cavity flow with acoustic resonance, the slope of the spectrum becomes close to the curve for −5/3 power by adding freestream turbulence. Figures 18(a) and 18(b) show the power spectra near the downstream edge of the cavity ( / = 0.9 and y = 0) for the cavity flow without acoustic resonance and that with acoustic resonance, respectively. Figure 18(b) shows that the slope of the power is clearly along the curve of −5/3 power in the range of St = 1-5 particularly for Tu = 2.3% for the cavity flow with acoustic resonance. Also, the power at high frequencies of St ≥ 3 becomes more intense with the freestream turbulence of Tu = 2.3%.
The above-mentioned results indicate that turbulent mixing in the shear layer is enhanced by freestream turbulence, and the turbulent transition in the shear layer occurs due to freestream turbulence. Figure 19 shows sound pressure spectra in the acoustic far field (x/L = 6.75 and y/L = 23.5) for cavity flows with and without acoustic resonance. The differences in the tonal sound pressure levels at the fundamental frequency, ΔSPL, with reference to that for the cavity flow without freestream turbulence are also presented.
Effects of Freestream Turbulence on Cavity Tone.
The ΔSPL is −2.4 dB and −15.1 dB for Tu = 0.9 and 2.3%, respectively, for the cavity flow without acoustic resonance. The ΔSPL is −0.3 dB and −20.0 dB for Tu = 0.9 and 2.3%, respectively, for the cavity flow with acoustic resonance.
The effects of freestream turbulence on the cavity tone are less than 2.5 dB for both cavity flows with and without acoustic resonance for freestream turbulence of Tu = 0.9%. Tonal sound generated from the cavity flow with acoustic resonance is greatly affected by freestream turbulence for Tu = 2.3%.
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The weakening of the intensity and lowering of the spanwise coherence of the sound source are considered to be responsible for the reduced cavity tone. The following sections discuss the effects of the freestream turbulence on the intensity and spanwise coherence of the sound source.
Intensity of Sound Source.
Aerodynamic sound is related to the intensity of fluctuating pressures/velocities and their structures (coherent motion) according to acoustic analogies [11, 13, 22] . In addition, the velocity fluctuations near the downstream edge of the cavity contribute to the sound pressure level of the cavity tone since the cavity tone is generated by impinging large-scale vortical structures at the downstream edge of the cavity [17] .
The Lighthill's equations [13] are
where tensor is Lighthill's stress tensor. This tensor is approximately equal to the Reynolds stress term at the low Mach number [31] as shown in (6) . In the present section, the intensity of the sound source was estimated by using the Reynolds stress term of Lighthill's stress tensor [13] Figures 20 and 21 show the intensity of the abovementioned sound source (the Reynolds stress term of Lighthill's stress tensor) at the fundamental frequency, around the cavity. Also, Figure 22 shows the power level of the sound source at the fundamental frequency, , along = 0 from the upstream edge to the downstream edge. As shown in the figure, the acoustic source is weakened by the freestream turbulence. Moreover, the sound reduction level of the cavity tone due to the weakening of the intensity of the sound source, ΔSPL , was calculated by the integration of the power of source, , in the range of 0.75 ≤ / ≤ 1.0. The equation of ΔSPL is as follows:
where the subscript "0" means the condition of the cavity flow without freestream turbulence (Tu = 0.0%). Table 2 shows the values of ΔSPL in each condition. The value of ΔSPL is −8.5 dB and −8.2 dB for Tu = 2.3% with and without acoustic resonance, respectively, which represent greater effects than those for Tu = 0.9% (−0.3 dB and 0.8 dB). Also, this means that the cavity tone is greatly reduced by weakening of the sound source for Tu = 2.3%.
International Journal of Aerospace Engineering Figures 15 and 16 is quantitatively discussed. In the present section, the effects of freestream turbulence on the spanwise coherence of the sound source are discussed by computing the coherence of the vertical velocity, V/ ∞ , at the fundamental frequency at the center of the cavity ( / = 0.5and = 0), which is shown in Figure 23 . As shown in Figure 23 , the coherence is decreased by the freestream turbulence for both cases with and without acoustic resonance. The equivalent coherent length, / , which was discussed in Section 4.4, is 0.22, 0.12, and 0.04 for the flow with freestream turbulence of Tu = 0.0, 0.9, and 2.3%, respectively, in the cavity flow without acoustic resonance, whereas it is 6.40, 5.76, and 0.05 for Tu = 0.0, 0.9, and 2.3% for the cavity flow with acoustic resonance.
Equivalent coherent length for the cavity flow with acoustic resonance without freestream turbulence, / = 6.40, is greater than that for the flow without acoustic resonance ( / = 0.22). This means that the two-dimensionality of the large-scale vortices related with cavity tone becomes higher due to the acoustic resonance. As shown in Figures 15 and 16 , three-dimensional fine scale vortices are less active for cavity flow with acoustic resonance.
In Section 4.4, the method for correction of SPL for the difference between the computational and experimental spanwise extent is discussed. With a similar method, the effects of lowering spanwise coherence of the sound source on the cavity tone, ΔSPL , are estimated as follows:
where V is the streamwise scale of vortices related to cavity tone and estimated to be approximately /(4 ) by the distance of the streamwise phase difference of velocity fluctuations of Δ < /2 in the shear layer. 0.8 Table 2 also shows the value of ΔSPL for each case. It is −0.6 dB and −4.2 dB for Tu = 0.9 and 2.3% in the cavity flow without acoustic resonance, while it is −0.5 dB and −17.1 dB for Tu = 0.9 and 2.3% for the cavity flow with acoustic resonance. These results present that the effects of the freestream turbulence in the cavity flow with acoustic resonance were greater than those in the flow without acoustic resonance. This is possibly because the turbulent transition occurs in the free shear layer of the flow with acoustic resonance while the shear layer is turbulent even without freestream turbulence in the flow without acoustic resonance.
Contributions of Intensity and Spanwise Coherence of
Sound Source. Both the intensity and spanwise coherence of the sound source affect variation of the sound pressure level by freestream turbulence, as was previously mentioned. The contributions of these two factors are discussed in the present section. Table 2 and Figure 24 help to explain the contributions of various factors to the cavity tone. The total difference in the cavity tone due to contributions by these factors, ΔSPL total , is calculated as Figure 24 shows that the reduction level estimated with all factors, ΔSPL total , is comparable to the predicted one from the direct simulation, ΔSPL, for each case. Also, we found qualitative agreement such that the effects of freestream turbulence on the cavity tone were greater in the cavity flow with acoustic resonance than that without acoustic resonance. This is because the reduced sound pressure level due to the reduction of the coherence is greater for the cavity flow with acoustic resonance, where the turbulent transition occurs. Also, this agreement shows that the present method for estimating the effects of the intensity and coherence of the sound source on the cavity tone is reasonable. The sound source was estimated by using the flow field based on Lighthill's acoustic analogy. Moreover, the reduced cavity tone was decomposed into the effects of the intensity and spanwise coherence of the sound source to enable the reduction mechanism of the cavity tone to be understood. The total reduction level by summing these contributions by the intensity and coherence was clarified to be comparable to that predicted by direct simulations. Also, these analytical results can explain well the effects of the acoustic resonance and freestream turbulence on the reduced level, which were predicted from direct simulations. Thus, this indicates that the method for estimating the effects of the intensity and coherence of the sound source on the cavity tone in the present study is reasonable.
Conclusions
The effects of freestream turbulence on the cavity tone in a cavity flow with acoustic resonance, −20.0 dB, were greater than those in a cavity flow without acoustic resonance, 2.3%. This was caused by the difference in the flow field for the cavity flow without freestream turbulence Tu = 0.0%. That is, the large-scale vortical structures in the cavity flow with acoustic resonance were extremely coherent in the spanwise direction due to acoustic resonance, whereas they were less coherent even for Tu = 0.0% for the cavity flow without acoustic resonance. As a result of this difference in coherence, the cavity flow with acoustic resonance was affected more by freestream turbulence.
The analyses of the intensity and spanwise coherence of the sound source clarified that the effects of the intensity and spanwise coherence of the sound source, on the other hand, were almost the same as those without acoustic resonance. The effects of spanwise coherence of the sound source on the cavity tone were greater in the cavity flow with acoustic resonance than in that without resonance.
